Risk assessment is a process often divided into the following steps: a) hazard identification, b) dose-response assessment, c) exposure assessment, and d) risk characterization. Regulatory toxicity studies usually are aimed at providing data for the first two steps. Human case reports, environmental research, and in vitro studies may also be used to identify or to further characterize a toxic hazard. In this report the strengths and limitations of in vitro techniques are discussed in light of their usefulness to identify neurotoxic hazards, as well as for the subsequent dose-response assessment. Because of the complexity of the nervous system, multiple functions of individual cells, and our limited knowledge of biochemical processes involved in neurotoxicity, it is not known how well any in vitro system would recapitulate the in vivo system. Thus, it would be difficult to design an in vitro test battery to replace in vivo test systems. In vitro systems are well suited to the study of biological processes in a more isolated context and have been most successfully used to elucidate mechanisms of toxicity, identify target cells of neurotoxicity, and delineate the development and intricate cellular changes induced by neurotoxicants. Both biochemical and morphological end points can be used, but many of the end points used can be altered by pharmacological actions as well as toxicity. Therefore, for many of these end points it is difficult or impossible to set a criterion that allows one to differentiate between a pharmacological and a neurotoxic effect. For the process of risk assessment such a discrimination is central. Therefore, end points used to determine potential neurotoxicity of a compound have to be carefully selected and evaluated with respect to their potential to discriminate between an adverse neurotoxic effect and a pharmacologic effect. It is obvious that for in vitro neurotoxicity studies the primary end points that can be used are those affected through specific mechanisms of neurotoxicity. For example, in vitro systems may be useful for certain structurally defined compounds and mechanisms of toxicity, such as organophosphorus compounds and delayed neuropathy, for which target cells and the biochemical processes involved in the neurotoxicity are well known. For other compounds and the different types of neurotoxicity, a mechanism of toxicity needs to be identified first. Once identified, by either in vivo or in vitro methods, a system can be developed to detect and to evaluate predictive ability for the type of in vivo neurotoxicity produced. Therefore, in vitro tests have their greatest potential in providing information on basic mechanistic processes in order to refine specific experimental questions to be addressed in the whole animal. Environ Health Perspect 106(Suppi 1): 131-158 (1998 
Introduction Principles of Neurotoxicity Risk Assessment
Neurotoxicology is the study of the adverse effects of chemical, biological, and certain physical agents on the nervous system and/or behavior during development and in maturity. The topic of risk assessment in noncancer end points including neurotoxicology has received much attention and has led to the development of a systematic scientific and administrative framework to assess risk associated with exposure to chemical and physical agents (1) . Risk assessment is defined as "the characterization of the potential adverse health effects of human exposures to environmental hazards" (2) . The process of risk assessment is often divided into the following steps: a) hazard identification, b) dose-response assessment, c) exposure assessment, and d) risk characterization. The initial step in the risk assessment process is the identification of hazard. Hazard is defined as the likelihood that injury will occur in a given situation or setting. Human case reports, experimental laboratory animal studies, environmental research, and in vitro studies can all be used to identify toxic hazards. These studies can also be used to characterize the dose-response relationship between chemical exposure and toxicity. This information is critical in the identification of risk, which defines the likelihood of an adverse effect occurring under actual exposure conditions. Another important step in the risk assessment process is the determination of a quantitative estimate of risk. These estimates are derived from the extrapolation of experimental dose-response models obtained from animal or human studies to predict the type and estimate the extent of health effects in humans resulting from anticipated human exposure. Throughout these steps, research needs are identified from the risk assessment process (3).
Principles ofthe Nervous SystemPotential Sites ofNeurotoxic Attack
The nervous system comprises two components: the central nervous system (CNS), which is composed of the brain and the spinal cord, and the peripheral nervous system (PNS), which comprises the ganglia and the peripheral nerves lying outside of the brain and spinal cord inclusive of the autonomic nervous system. Two general types of cells are predominant in the nervous system: neurons and neuroglial cells (oligodendrocytes, astrocytes, microglia; and in the PNS, the Schwann cells). Neurons are similar to all other cells of the body in general structure, but they have additional anatomical features of axons and dendrites that allow conduction of nerve impulses for communication with other neural cells and between neuronal populations. The dendrites are elongated processes that emanate from the cell body and increase the neuronal surface area available to receive input from other sources. The surface area of the axonal process can be tens to thousands times greater than the cell body diameter and is specialized for the conduction of nerve impulses away from the cell body toward the terminal synapse and other cells (neurons, muscle cells, or glandular cells). The neuronal cell body synthesizes the necessary components for maintaining structural components of the membrane (e.g., proteins and lipids) and general cell functioning. Many axons are surrounded by layers of membrane from the cell processes of glia cells (the myelin sheath). Oligodendrocytes in the CNS and Schwann cells in the PNS form this myelin sheath. The myelin extension from any one cell covers only a short length of the axon, requiring a continuous series of glial cells to ensheath an entire axon. The presence of the myelin lamella allows for the acceleration of the nerve impulse by permitting salutatory conduction between the myelin sheath of each glia cell identified as the node of Ranvier. At each node the axon is nonmyelinated yet enveloped by teloglial cells. Although nonmyelinated axons are devoid of myelin lamella, they are ensheathed by plasmolemma of the similar cells.
Neurons are highly specialized cells and are responsible for the reception, integration, transmission, and storage of information. Afferent neuronal pathways carry information into the nervous system for processing; efferent pathways carry commands to the periphery. In addition, there are interneurons that process local information and transfer data within the nervous system.
Within the CNS, neurons are segregated into functionally related nuclei that form interconnecting bundles of axonal fibers.
Higher organizational levels consisting of several functionally related neurons are frequently called systems, e.g., motor, visual, associative, and neuroendocrine systems. The CNS consists of a number of systems responsible for the coordination of receiving and processing information from the environment, maintaining the balance of all other organ systems, and responding to changes in the environment.
The in vivo reactions of neurons to injury vary dramatically. Degeneration can be induced by a direct action on the perikaryon or loss of synaptic target site influences and deprivation of trophic factors. A number of chemicals appear to have distinct cellular specificity for neuronal populations. Although specificity can exist and the pattern of degeneration has been used in diagnostic neuropathology, degeneration of any particular neuronal type cannot necessarily identify the damaging agent. Often this pattern reflects the severity and duration of the injury and the acuteness or chronic nature of exposure. The degenerative process of the nerve cell can be either relatively quick or a slow, prolonged process, depending on the underlying mechanism.
Unlike neurons, glial cells have no true synaptic contacts; however, receptors for several neurotransmitters are present and functional on various glial cells. Cell-cell contacts exist between the glial cells and neurons that may regulate both neuronal and glial differentiation and are critical for the glial-guided migration of neurons during development. Glial cells have a dynamic nature and provide critical processes necessary to maintain normal functioning of the nervous system (e.g., regulation of local pH and ionic balances, and tropic support for neurite extension in the form of growth factors and cell adhesion factors). They can also be the target for a toxic response. For either the oligodendrocyte or the Schwann cell, the myelin membrane is vulnerable to numerous substances, toxic agents, and demyelinating autoimmune diseases such as multiple sclerosis and Guillian-Barre syndrome that specifically target and break down the myelin sheath. After injury to the nervous system, the astrocyte and the microglia both display profound responses (4) (5) (6) (7) (8) . Such systems have two major and critical functions. First, they teach neuroscientists and neurotoxicologists the complexity of cellular functions of CNS elements. Second, they provide a convenient experimental tool for testing possible functions or postulates in vivo that otherwise might not be conducted (9, 10) . Cells harvested directly from the organism, dissociated into single cells before seeding into the culture vessel, and maintained in vitro for periods exceeding 24 Various types of in vitro approaches produce data for evaluating potential and known neurotoxic substances, including primary cell cultures, cell lines, and cloned cells. Although such procedures are important in studying the mechanism of action of toxic agents, their use in hazard identification in human health risk assessment has not been widely accepted. For example, the proposed guidelines for neurotoxicity risk assessment published by the the U.S. Environmental Protection Agency (U.S. EPA) (11) raise concerns about the ability of in vitro techniques to predict the neurotoxicity of various agents found in humans and animal models. This validation step requires considerations in study design, including defined end points of toxicity and an understanding of how a test chemical would be handled in vitro as compared to the intact organism. The neurotoxicity risk assessment guidelines propose that demonstrated neurotoxicity in vitro in the absence of in vivo data is suggestive, but inadequate evidence of a neurotoxic effect. Thus, the in vitro data is used often to enhance the reliability of in vivo data.
Use of in Vitro Techniques for Evaluating Neurotoxicity Rationale
The rationale for the use of in vitro procedures to assess neurotoxicants is based upon a clear understanding of mechanistic processes underlying normal nervous system functioning and some forms of dysfunction. When applied to chemical-induced perturbations of the nervous system, knowledge of biological mechanisms has led to the examination of more sophisticated and subtle biologically based expressions of neurotoxicity.
This advance has been seen in all levels of examination, from the integrative functioning of the nervous system as manifest by behavioral alterations, to morphological and biochemical alterations in the intact animal, to the molecular mechanisms associated with injury response or development, and to the intricate cellular changes examined by in vitro techniques.
Although the assessment of neurotoxic end points in the whole animal are presumed to be causally related to those initiated at the cellular level, in many cases the cascade of effects is not well understood. Chemicals rarely if ever affect all neurons indiscriminately but instead induce selective damage. Cellular toxicity depends on the specific sensitivity of the cell as well as on the extracellular concentration of the test compound. The effects seen may not be due to the primary toxicant administered but rather the result of bioactivation with subsequent response to a metabolite. In addition, toxic responses of neurons in vivo may be the result of toxicity of nonneuronal or nonneural cells, e.g., glial cells, endothelial cells. Observed responses may even be due to a systemic biological process activated by exposure such as hepatic encephalopathy or may be observed only with maturation or aging of the system. These features create a major problem in selecting an in vitro system that will model the nervous system target site or process for any particular chemical. With the use of in vitro systems, it must be kept in mind that no existing in vitro system will be able to measure all chemically induced effects. This limitation is due partly to the lack of all possible target sites and the synergistic interaction between the cell types. In addition, the limited culture life may not allow for the appearance of delayed responses or allow for discrimination between transient and persistent effects.
Many chemicals are introduced for industrial use with limited knowledge of how they might affect a biological organism. Alteration in structure of industrial or agriculture chemicals may appear trivial from a chemical perspective, e.g., addition or substitution of a methyl group, but that same change may have dramatic consequences with regard to activity in biological systems. In general, safety testing is designed to reduce unnecessary exposure of human and other animal populations. Thus, the optimal system for hazard identification would be the one most closely resembling the phenotype of concern in biochemical, physiological, molecular, and other cellular and organ processes. Doseresponse data obtained from in vitro studies must be used with caution because of significant differences in the pharmacokinetic behavior of chemicals observed in vivo and in vitro. In addition, effects observed in vitro are not necessarily predictive of whether an adverse effect will occur following exposure in vivo. However, mechanism(s) of neurotoxicity identified using in vitro studies may contribute to determining whether an effect observed in vitro may also result in an adverse effect in animals or humans following chemical exposure.
Advanuges and Disadvantages
The use of in vitro systems for toxicity testing has been discussed in numerous review articles (12) (13) (14) (15) (16) (17) (18) . In each of these reviews, a number of various advantages and disadvantages have been identified (Table 1) .
Access to the Cellular Environment. The physicochemical environment of cells is easily manipulated in vitro. Substances can be added or withdrawn from the culture medium, allowing precise temporal analysis of the sequence of events. The concentration of the test chemical can be controlled in terms of the amount being delivered to the entire cell population or to an individual target cell; however, this concentration must be consistent with the in vivo level of exposure to be meaningful. In Table 1 (28, 29) . In fact, in many cases neurons survive poorly in the absence of astroglial cells (30 (34) .
An example of cellular interdependency and influence on toxicity is the recent finding of the in vitro toxicity of trimethyltin (TMT), a chemical that produces specific neuronal necrosis in the hippocampus and astrocyte hypertrophy, and increased microglia staining. In a simple comparison of cell cytotoxicity, one finds distinct differences in dose levels required to produce a 50% increase in measurements of membrane permeability. Richter-Landsberg and Besser (35) studied the toxic effects of TMT on primary astrocytes isolated from 1-to 3-day-old neonatal rats and used neutral red assay to determine cell viability. They reported a dose of 2.5 pM TMT for half-maximal cytotoxicity in primary astrocytes treated for 24 hr. The toxicity of TMT on primary cultures derived from 1-day-old rat pups containing both astrocytes and neurons was higher with a half-maximal cytotoxicity in primary glial cells of 5 pM as measured by ethidium-calcein viability assay and by immunofluorescence (36) . A third study examining the toxicity of TMT on a mixed glial population in culture (37) reported approximately a 30% decrease in cell viability at 10 pM TMT within 24 hr as measured by neutral red assay and lactate dehydrogenase (LDH) release. Given the steep nature of the dose-response curve for lethality in vivo, these differences in vitro raise concern. Although each study derived cells from rat pups within the designated time of postnatal day 0 to 2, there were several differences in the conditions of the culture. In the Richter-Landsberg and Besser study (35) , the standard protocol for isolation of rat brain glial (38) was followed, which required a defined region of the cortex to be used for isolation. The initial cell preparation was grown for 2 weeks in flasks in serum-containing medium, followed by shaking to remove both microglia and oligodendroglia. The remaining cells were replated in 24-well culture dishes and used for toxicity studies within 2 days. In the study by Maier et al. (37) , mixed glial prepared from postnatal day 2 rat pups by the method of McCarthy and de Vellis (38) were allowed to grow in tissue culture flasks for 2 weeks in medium containing fetal calf serum. They were then replated into 24-well culture dishes in which they were allowed to mature until 14 (62, 63) .
Neuronal cultures differ dramatically in the composition of glial cells, the maturation of the glia, the proportion of glial cell types, and the biochemical responsiveness of the culture. Although glial cultures can be generated from different ages, it is critical to the interpretation of experimental data that the donor age be maintained within a well-characterized biologic and morphologic window. For cortical astrocytes and oligodendroglia, this is between birth and 2 days postnatal. For each of these cell types, the culture age is critically important with regard to the responsiveness of the culture to manipulation. Although it has been claimed that primary nerve cultures can be maintained for several months by using supplemented nutrient media and a substrate that supports adhesion, it is well known that the metabolic properties of the cells will change over time. Factors (67) . Morphological differentiation can be maintained similar to in situ conditions for both the pyramidal and granule cells. Synaptic organization can also be maintained; however, aberrant supragranular projections are often reported. Techniques using Golgi impregnation and dye injections allow evaluation of morphological differentiation and dendritic arborization.
In slice culture, neurons and associated cells can be maintained for relatively long periods of time, thus allowing for extending periods of exposure to assess toxicological effects. Some researchers claim that slice cultures can be viable for up to a year; however, the cellular phenotype will change with age. Brain slices, especially the hippocampal slice, have been used extensively for neurobiological studies and the approaches have been adapted for utilization in neurotoxicity evaluation. For example, the hippocampus is vulnerable to excitotoxic agents such as kainic acid, which causes a neuronal necrosis of the pyramidal cells. The excitotoxic effect of kainic acid has also been demonstrated in the hippocampal slice culture, with a selective vulnerability of the CA3 pyramidal cells and no effect on the CAl neurons, granule cells, and AChE-positive interneurons (68) . This ability to detect a selective effect is critical in assessing neurotoxicity because in vivo, rarely are all cells of any one type affected. The basis for neuronal selectivity remains unknown. The hippocampal slice preparation has also been used in assessing the toxic response to bismuth. In agreement with human data, acute exposure had no effect (32) . However, chronic application produced morphological evidence of pyramidal cell degeneration. The hippocampal slice preparation has been used to study the effects of organoalkyl metals such as trimethyltin and triethyltin.
In situ, the hippocampus is critically involved in the process of long-term potentiation as a component of synaptic plasticity.
This process is of interest in many chemically induced alterations in neural functioning. The hippocampal slice preparation was evaluated electrophysiologically after exposure to the known hippocampal toxicant trimethyltin and showed similar results to in vivo effects (69) ; however, some important differences were noted. These researchers proposed the use of the hippocampal slice culture preparation as a screen for neurotoxicity which would be able to differentiate effects of chemicals on excitatory and inhibitory systems, mechanisms underlying neuronal plasticity, and regional differences in susceptibility to toxic insult. However, such uses for this test system are well outside the criteria set for a screening test and given the technical demands to confirm the integrity of the slice and the complexity of the hippocampal system, this test system would probably be more useful in addressing specific mechanism-based questions of both basic neurobiological and neurotoxicological nature.
Other (73) (74) (75) . In addition, some foci of cells of the same cell type are observed after some days in culture innervating other parts of the reaggregates. The cells undergo morphological differentiation including synaptogenesis and myelination (74, 76, 77) . In a developmentally regulated pattern, the cultures express cellular specific proteins for neurons and glia. Critical to this technique are the age of the donor, the nervous system site extracted, the culture conditions, and the dissociation procedure used. Not only are these features critical to the viability of the culture but also to the degree of cytoarchitectural development. Reaggregate cultures can be maintained by rotation under continuous incubation conditions using chemically defined media for prolonged periods of time (maximum reported > 6 months) (72) . Thus, the cells can be used immediately in suspension to assess acute biochemical responses or used for future examination of biological responses. Reaggregates have been proposed for use in toxicological studies (78, 79 (96) . Chemicals which increase intracellular cyclic AMP produce similar morphological changes (97) . Dibutyryl cyclic AMP has been used extensively to study the effects of various factors on differentiated glia cells (98) . C6 cells have been used in numerous studies both of toxicity and basic cellular mechanisms. This cell line has been established as a model in which several aspects of hormonal action previously observed in vivo or in primary brain cell cultures can be studied (99 (104) . The NIE1 15 neuroblastoma, cloned from the murine neuroblastoma C1300, has been used to study features associated with organophosphate-induced delayed neuropathy (OPIDN) with an attempt to rank NTE inhibition levels after exposure to various organophosphates (105) (106) (107) (109)]. The PC-12 line has been used extensively to examine the mechanisms underlying NGF response and nerve differentiation. Depending on the conditions, PC-12 cells synthesize AChE, acetylcholine, and choline acetyltransferase as well as release dopamine, norepinephrine, and acetylcholine. They contain sodium, potassium, and calcium channels, and various other membrane receptors including receptors coupled to G-proteins. For these reasons they have been used extensively to examine the basic biology of neurotransmitter biosynthesis and secretion, neuronal differentiation, calcium ionic flux, and signal transduction mechanisms. They provide a useful model for studying processes associated with neuronal differentiation, synthesis, storage, and release of neurotransmitters, function and regulation of ion channels, and interactions of compounds with membrane-bound receptors. In toxicology, PC-12 cells have been used to evaluate chemical induced alterations in calcium channels neurotransmitter release and receptor, and by both biochemical and physiological methods (110) (111) (112) (113) .
ADDITIONAL CULTURE SYSTEMS.
Microcarrier techniques have been developed to study different cell types in vitro (114) . These microcarriers have a very large surface-to-volume ratio and can be used to obtain high yields of cells from small culture volumes. This system allows for mixtures of cell types to be produced at any defined ratio and as such offers an attractive model for examining specific questions concerning cell-cell interactions. Microcarrier techniques have been applied to study fiber outgrowth, synaptogenesis, myelin formation in neural cells, and metabolic interactions between cells.
Transgenic mice carrying target constructs of the polyoma large T or SV40 large T gene, have been used to establish both astroglial and neuronal cell lines. Recent developments in cell fusion techniques have allowed neuronal cells of defined origin to be "immortalized" by fusion to a transformed cell line. For example, the NG108-15 hybridoma was developed by fusion of the mouse neuroblastoma clone N18TG2 with the rat glioma clone C6BU1 using Sendai virus (115) . This hybridoma offers the characteristics of nerve fiber extension, synapse formation, choline acetyltransferase activity, and receptors for various neurotransmitters (116) . The NSC-34 spinal cord neuron x neuroblastoma hybrid cell line has been used to evaluate chemicals that have an in vivo site of action at the motor neuron (117) . These cells have been produced by fusion of motor neuron-enriched, embryonic mouse spinal cord cells with mouse N18TG2 neuroblastoma cells (117) . The cultures contain two populations of cells: a) small, undifferentiated cells that have the capacity to undergo cell division; and b) larger, multinucleate cells that express many properties of motor neurons. These cells proliferate in culture, but also express a number of motor neuronlike properties without the need to add inducing agents like NGF to the culture medium. Such processes include extension of neurites; generation ofaction potentials; expression of neurofilament triplet proteins, neuronspecific enolase and choline acetyltransferase; synthesis and storage of acetylcholine, induction of acetylcholine receptor aggregates on co-cultured myotubes; and expression of a receptor for the neuromuscular junction-specific basal lamina.
The NSC-34 cell responds to agents that affect voltage-gated ion channels, cytoskeletal organization, and some components of axonal transport. Investigation into the use of these cells as a test system for neurotoxicity examined chemicals that exert their neurotoxicity by altering specific neuronal functions: action potential production, axonal transport, neurofilament organization, and neurotransmission (117) . The cytoskeletal proteins in NSC-34 cells are sensitive to 2,5-hexanedione in the formation of intermediate filament aggregates. The timing for such studies is critical-as the expression ofvimentin decreases with differentiation, the sensitivity of these filaments to aggregation by 2,5-hexanedione decreases (118) . Chemical-induced changes linked to axonal transport have been examined only with sodium pyridinethione. In this case, retraction and focal swelling of processes was observed at only the highest dose and may be a manifestation of cytotoxicity rather than an alteration in organelle transport. The cells detected chemical-induced changes in voltage-gated ion channels although there were quantitative differences from primary motor neurons. These cells do not form functional synapses with cultured myotubes and therefore are not a test system for evaluating synaptic transmission (117) . Most interesting is the fact that the NSC-34 cell does not require chemical induction to express a differentiated phenotype, providing an advantage for cell biological evaluations. However, the inability to prevent differentiation is also a disadvantage in that the population of cells most likely to differentiate is gradually diminished with successive subculture. Although fusion techniques can create such hybrid cells, many of the neuronal characteristics are lost from such preparations after a certain number of passages. Attempts have been made to transfect primary cells with oncogenes but these cells usually only survive for a short time.
End Points ofNeurotoxicity
The approach used most often to discriminate between neurotoxicity and general toxicity is to examine specific end points unique to nervous system function and compare the exposure relationship between these end points and other nonspecific end points that would be ubiquitous to all eukaryotic cells. Another approach has been to compare toxic responses between neuronal and nonneuronal cells. A number of end points have been proposed as simple and rapid methods to assess chemical toxicity in vitro. Many end points proposed to detect neurotoxicity make the primary assumption that neurotoxicants affect specific nervous system functions. The following sections will review various measurements of basal cell functioning and end points that may be unique to the nervous system and target sites of chemical perturbation.
Basal Level of Cell Functioning. Basal level end points reflect generic cell functioning necessary for cell survival. Although basal cell function assays are used as an index of cell lethality, these measurements do not necessarily give an indication of the type of cell death. Measurements of cell toxicity include evaluation of macromolecular synthesis, lipoperoxidation and generation of reactive oxygen species, indicators of mitochondrial and lysosomal activity, loss of ions or cofactors, induction of apoptosis and DNA integrity, energy regulation (oxidative-reduction status), generic cell functions (respiration, ion transport, and protein and DNA turnover), cell-cell communication via gap junction integrity, biosynthetic reactions, transport processes, and specific enzyme changes. Although these processes can be used to assess the status of the cell, basal cell function is often limited to assays such as vital dye uptake, mitochondrial viability assays, total cellular protein, or lactate dehydrogenase release. Vital dye exclusion assays are based on the ability of cells with damaged leaky membranes to allow the entry of stains such as Trypan Blue, or the loss of intracellular stains such as neutral red. Although the vital dye assays are used as an index of cell lethality, what they actually measure is cell membrane permeability. Since cells can survive some degree of membrane permeability, these measurements do not necessarily equate with cell death. In addition, methods such as Trypan blue exclusion require a quantitation of cell numbers containing the dye. The neutral red uptake and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT) reduction assays have been widely used as semispecific indices of aspects of cellular function (119 Another method is to measure total culture fluorescence before and after destruction of the cell membrane. As such assays require washing to remove excess dye, cells that lose adherence or disintegrate would be removed from the final determination.
The cytosolic enzyme LDH has been proposed to monitor toxicant exposures that last for days or weeks. It is assumed that over time the enzyme marker accumulates in the medium and that a stable reading of this accumulation should be available at the end of the exposure. It must be noted that LDH is not a stable enzyme and its half-life can be influenced by other products released by cells. In all cases, any measurement of a substance released by the cells into the medium must be examined relative to the total amount available for release. Therefore, such studies would determine the amount of the marker both in the medium and inside of the cell and express the data as a ratio of released/total marker. One must consider other factors that may come into play, especially in a mixed cellular culture, such as a concomitant induction of endogenous substances. Such substances could degrade proteins in the medium and influence any protein measurement of leaky membranes. Healthy cells uptake such substances as radiolabelled proline, adenosine, and chromium; elevated release can be a reliable and easily monitored index of toxicity. For measurements of 51Cr release, cells are preloaded with 51Cr and the amount released into the medium after toxicant exposure is measured in a gamma counter. The relative amount released as a fraction of the total amount in the preparation is the measure of cytotoxicity. All of these measures reflect the permeability of the membrane and do not directly confirm cell death.
Cytotoxicity and viability end points provide information on the intrinsic toxicity of chemicals. They have limited ability, if any, to predict neural-specific effects. However, such end points must be included to determine the health status of the cells at the time of process evaluation and possibly to differentiate specific effects from general cytotoxicity. In many cases a distinction is made based on the selectivity of the endpoint examined. For example, differentiated cell functions such as axonal transport, synaptogenesis, myelination, enzyme activities, and neurotransmitter function could be examined for neurotoxicity. Characteristics of neurotoxicants could include neurotransmitter-specific accumulation, release, or metabolism by the neural cells. The development of early and cell-specific indicators of the reaction of neuronal cells and astroglial cells to injury will require examination of neuronal and glial-specific protein changes. It is commonly acknowledged that given the complexity of the nervous system, no single Environmental Health Perspectives * Vol 106, Supplement * February 1998 endpoint can encompass the range of neurotoxic targets. A suggestions to overcome this complexity has been to include a variety of multiple end points. Again, given the complexity of the nervous system, the ability to select such multiple end points to reflect the dynamics of the nervous system is limited by our current minimal understanding of mechanisms associated with neurotoxicity in vivo.
Target Sites ofNeurotoxicity. In the attempt to develop in vitro systems to evaluate the neurotoxic potential of chemicals, one should identify in vivo target sites or processes, understanding the biological details associated with the in vivo process and the types of perturbations that can be induced on any one particular target by various chemicals. A model system cannot be developed in isolation. Without an understanding of the basic biology, the points at which the basic process can be altered, and the types of injury, a model system with any usefulness or meaning cannot be developed. In fact, the development and use of an inappropriate model, whether in vivo or in vitro, can cause damage by providing potentially biologically invalid experimental data. A number of biological processes that are target sites for neurotoxicants in vivo are easily examined with in vitro systems. The following examples will attempt to address some of these proposed processes.
STRUCTURAL. Morphological end points including effects on the cell body, axons and dendrites, can be crucial in the assessment of chemical-induced alterations in target cell populations as different morphologic patterns of chemically induced damage can be observed in vitro (120) . Morphologic lesions, however, have received only limited attention as in vitro end points of neurotoxicity. The interpretation of altered morphology in neural cell cultures is hampered by the paucity of descriptions regarding normal cytology, the range of possible cellular lesions, and the types of possible artifacts which may occur.
Neurons exposed to substances in culture often develop structurally abnormal neurites. A common phenomenon is beading, which is the formation of gross organelle-filled dilations spaced at intervals along the neurite. Beading occurs in cells exposed to colchicine (121) , acrylamide (122) , or ethylene oxide (123) . Mor (129) . The presence of myelin along the axon serves to increase the velocity of signal conduction along the nerve and reduces the energy requirement for conducting the impulse. In vivo Schwann cells make galactocerebroside and the myelin-specific protein PO after they have migrated down the nerves, ceased dividing, and are developmentally committed to myelination (130, 131) . When they are cultured in the absence of nerve, they initially contain galactocerebroside and P0, but the number of cells containing these molecules declines with a half-life between 2 to 3 days. Given an increase in cell number, this decrease is not due to cell loss but rather a progressive loss of antigens. Much research effort has been directed toward developing a model system for myelination to understand its basic underlying requirements. After 15 to 20 years work, we now know more about the interactions between the myelinating cell of the peripheral nervous system and its environment. However, the culture system is a very demanding system that has to date only been applicable to mechanistic-based research and is beyond the demands of a screening test for neurotoxicity. (133) . Without multiple wrappings a similar effect could not be seen in vitro. Chemicals that produce hypomyelination have a better chance of being detected. However, in many of these cases, such as in the developing nervous system after lead exposure, the myelin that is produced is normal in protein and lipid content; there are just fewer lamellae and thus less myelin (134, 135) . In vivo efforts suggest that the perturbation is on the myelin sheath and not a direct effect upon the myelinating cell. This also would limit the usefulness of a culture system that is restricted to the cell body and to very little if any plasmalemma in the form of myelin.
Although chemicals and disease processes have been classified as primary demyelinating agents, this classification system is based upon a morphological criteria (136) . It does not take into account the role of dynamic signaling interactions between the myelin sheath and its underlying axon. Whether the resulting pathology in the myelin sheath is due to a direct effect on myelin or the myelinating cell or in response to a perturbation in the underlying axon is still a major question in whole animal models [for review of neuropathies see Pleasure (137) ]. Additional yet critical players to the morphological end product seen in vivo are both the resident and the infiltrating macrophages, which have the role of stripping myelin from the axon and removing it from the nerve area. Any in vitro model system designed to determine effect of a toxicant on myelin would need to include all of the known in vivo active participants.
Existing in vitro systems allow examination of the signaling mechanisms linked to initiation of myelination in the developing organism. However, given the difficulty of the culture, such efforts should be limited to well-defined, focused questions aimed toward understanding the mechanisms associated with perturbations to developing myelinating cells. Efforts have been made to develop an in vitro system to model the vulnerability of the myelin genes in the developing brain. Using mixed glial cultures to preserve the temporal specificity of the myelin gene expression, Royland and co-workers (138) developed a system to examine the effects of nutritional deprivation on myelin gene expression. When the mixed glial cultures were maintained in defined medium, myelin genes responded to various manipulations such as alterations in glucose concentrations. The cultures can be further manipulated to produce cultures of purified oligodendroglia, allowing for more detailed examination of the mechanisms associated with alterations in the expression of specific myelin genes during development. These cell culture systems preserve the in vivo mechanisms of activation and upregulation of myelin genes critical for myelin development in vivo. Thus the primary cultures allow for further examination of toxicant-induced alterations in myelination at the in vitro level and can provide an additional experimental system for studies of normal and abnormal gene expression during development of the brain. Aggregating cell cultures also provide a useful system for biochemical and morphological analysis of myelin and the process of myelination and remyelination (75, (139) (140) (141) (143) . Examination of acrylamide, a neurotoxicant that affects aspects of axonal transport, showed a toxicity to differentiating neuroblastoma, but organelle movement remained unimpaired. Comparison with in vivo results raises the possibility that rapid transport of radioactive markers could be altered without impairment of vesicular traffic and lends support to the observation that a subset of axons or organelles is impaired by acrylamide (146) . These types of defects would not be readily apparent using video microscopy if the remaining organelles moved normally. Therefore, such an in vitro system would be limited to detecting perturbations that affected all populations of axons or neurites. This would be inconsistent with the in vivo observations of differential vulnerability of sensory or motor nerves to various neurotoxicants. When these cells were examined for their ability to detect the toxicity of acrylamide, no alterations in cell morphology were seen until 2 weeks after exposure to 25 pg/ml acrylamide. In the exposed state, the growth cone on the leading edge of the outgrowth process was defective and neurite swellings were noted (147) . Similar (184) . Additional work by Kimes et al. (185) demonstrated that subclones were able to synthesize two or more neurotransmitters, confirming that individual CNS cells, like those from the neural crest, are able to make multiple neurotransmitters. The clonal PC-12 cell line also has the ability to synthesize both ACh and norepinephrine (186 (187) (188) (189) (190) (191) . Isolated adrenal medullary chromaffin cells cultured in defined medium are useful for studying the regulation of tyrosine hydroxylase, dopamine ,1-hydroxylase and phenylethanolamine-N-methyltransferase, the key enzymes in catecholamine biosynthesis [for reviews see Furshpan et al. (189) and Bunge et al. (192) ]. This culture preparation usually require a retrograde perfusion of the intact bovine adrenal gland with collagenase, followed by separation of medulla from cortex, and enzymatic and mechanical dissociation of medullary tissue (193) . The ability to induce ACh synthesis is significantly decreased with increased age of the animal from which cells are obtained (188) .
The avian ciliary ganglion represents the most studied model of a selected population of cholinergic cells in the peripheral nervous system (194) . The development of cholinergic enzymes, the effect of denervation, and the effects of aging on gangliahave been reported (195, 196) . The avian system has several advantages. Its developmental and aging process is well characterized; its size and location make it easy to dissect; it is comprised of a relatively large and homogeneous cell population and it can be studied both in vivo and in vitro. In the chick, the ciliary ganglion is located 3 to 4 mm from the eye, deep in the orbit, on the branch of the occulomotor nerve that innervates the oblique muscles of the eyeball. In addition to the branch of the occulomotor nerve, ciliary nerves and choroid nerves emerge from the ganglion, providing innervation to the oblique muscles of the eyeball, smooth muscles, and striated muscles of the iris.
Based on immunocytochemical detection of TH (197) . Whitaker-Azmitia and Azmitia (198) reported effects of various serotonergic drugs, drugs of abuse, and other therapeutic agents including antidepressants on a preparation of dissociated primary cells from midbrain regions rich in serotonin neurons. One striking aspect of the data was the variability in the results for any given substance such that the results of uptake of radiolabeled serotonin were presented as qualitative changes rather than a quantitative measurement. Factors contributing to this variability were time in culture, plating density, and presence of steroids or glucose in the media. Based on the effects of amphetamine on brain catecholamine function, NG108-15 neuroblastoma-glioma cells were used to study the involvement of the serotonergic neurotransmitter system in toxicity induced by amphetamine and its various derivatives.
[3H]d-Amphetamine uptake and cell viability demonstrated a parallel dose-related decrease after exposure to amphetamine and its various derivatives (199) . Cell death as determined by these two measurements could not be blocked by the specific serotonin uptake inhibitor paroxetine, which at higher doses was also toxic to the cells. The ability of the cells to uptake amphetamine and to show a differential pattern of viability response to various derivatives supported the use of this culture system to screen for the neurotoxic effects of drugs of abuse. However, caution is necessary prior to any widespread use of this approach, as the system was unable to detect any differences between the d-and 1-isoforms of amphetamine which in vivo have distinctly different effects on the nervous system: the 1-isoform has psychoactive properties and the d-isoform lacks such activity.
The sexually dimorphic nucleus of the preoptic area is an example of a morphological gender difference in the rat hypothalamus and has been a valuable model for the study of neural, cellular, and molecular mechanisms by which gonadal steroids influence the nervous system. The nucleus is composed of a heterogeneous population of neurons situated in the medial preoptic area of the brain. The nucleus receives and projects to numerous regions within the limbic system, including connections to most hypothalamic nuclei, and various nuclei within the brain stem (200) . This system offers a wealth of characterization on the effects of steroids, the developmental critical period for steroid action and identified markers for neurons of the nucleus. It has been used as a model for the study of hormonal regulation of gene action, which can influence survival, differentiation, and expression of neuropeptides and receptors. This system may offer a model to examine the effects of various estrogenic-like compounds currently of concern for developmental neurotoxicity. Unfortunately, only one tissue punch per region can be obtained for culture from either adult or developing animals.
For the study of fully differentiated neurons, methods have been developed to isolate neurons from the mature mammalian brain. Usually, such methods are used to isolate neurons for electrophysiological measurements and not for culture. It is possible to isolate neurons from small circumscribed regions of the brain which preserve dendritic structure, thus allowing identification of morphological class. Neurons can be isolated with intact synaptic boutons exhibiting spontaneous release of excitatory and inhibitory neurotransmitters (201) . The procedure yields approximately 10 to 20% of the original cells and would allow for investigation of specific neurotransmitter-containing neurons.
REACTIVE CHANGES. Reactive changes can be useful end points of toxicity as they can be used to determine threshold concentrations of toxicity or to identify sensitive systems prior to more mechanistic analysis. GFAP is widely used as a marker of toxicant-induced astroglial reaction in vivo and has also shown value in vitro (202) . GFAP levels can be increased in the early stages of a response, whereas a decrease is seen with increasing cytotoxicity (203) . Such biphasic reactions are common and can lead to problems in interpretation of results. Inhibition of the reduction of MTT has been widely used as a measure of impaired mitochondrial or cytoplasmic reduction capacity, but many agents produce a reactive stimulation of MTT reduction at low doses, followed by a decrease at higher, cytotoxic doses (204) . Biphasic responses are also seen in a timedependent manner. The astrocytic toxin dinitrobenzene decreases the glutathione content of primary astrocytic cultures within 2 hr while at subcytotoxic concentrations a larger reactive increase is seen by Environmental Health Perspectives * Vol 106, Supplement 1 * February 1998 24 hr (205) . Therefore, both time and concentration dependency must be established before data interpretation is possible.
Even within common neurotoxic end points, there is considerable variation between chemicals that target a specific process. Current information on sites of action of known neurotoxicants can be helpful in determining the types of target sites to examine. However, such information can be misleading in that it offers the impression that one would be able to determine the potential for neurotoxicity in new and untested chemicals using only current information. Although this may be the case, the techniques to evaluate these target sites are sophisticated and require not only technical training but also a biological understanding of the system in order to conduct meaningful scientific investigation, even at a preliminary level. In neurotoxicology, difficulty arises when attempting to determine which target sites should be used to evaluate neurotoxicity of a chemical with unknown biological properties. Attempts to distinguish between chemicals that produce cytotoxicity versus a selective neurotoxicity in any culture system is hindered by the identification of a suitable global end point for neurotoxicity that can be examined within the culture system of interest. With current advances in cell biology and neurosciences, additional elements of cell processing are being identified which may allow for a limited number of common mechanisms of cellular dysfunction to be identified. Until that time, efforts to understand how neurotoxicants exert an adverse influence on the various cells of the nervous system will continue, based upon current knowledge of neurobiological functioning, in vivo analyses, previously identified sites of action for numerous chemical substances, and a great deal of hard work.
Quantitative Analysis
The usefulness of an experimental model, whether in vivo or in vitro, can be assessed from many factors such as reproducibility, sensitivity and speciflcity, or other measures which indicate how well the simplified system describes the biological process in qualitative and quantitative terms. ( i.e., AChE, NTE) for many pesticides could be used to develop an in vitro system to assess a specific process identified in vivo as a neurotoxic mechanism associated with these pesticides. Veronesi (211) identified the need for a variety of cell culture models and multidisciplinary end points to parallel neurotoxic targets in vivo. This can be difficult because few specific targets of neurotoxic action are known. To differentiate neurotoxicants from other chemicals, it was recommended that nonneural cells be included in any battery to index basal-level functioning. To accomplish this task a tiered approach was proposed. The first tier would include test systems to differentiate neurotoxicants from cytotoxicants. However, even this stage would require using combinations of nonspecific and specific neural end points and batteries of neural and nonneural cell lines. The second tier would differentiate classes of neurotoxicants (metals, cholinesterase inhibitors, solvents, etc.) using specific end points that are specifically targeted in vivo. This could be difficult, given the variability of target site relative to age and length of exposure. For example, at high doses, carbon disulfide is acutely toxic to the CNS whereas lower doses and prolonged exposures produce a peripheral neuropathy. The third tier would address distinct questions confined to specific classes of neurotoxicants e.g., structure-activity relationships.
Preliminary evaluations of a similar screening protocol have been published (212 In vitro techniques have their greatest potential in experiments involving mechanistically based hypothesis testing. In vitro approaches could be used in several target sites where there is a significant understanding of basic biological processes including chemically induced effects on receptor-mediated changes, neurite outgrowth, electrophysiological changes, certain neurochemical end points (e.g., neuropathic esterase/acetylcholinesterase, ion channel function), and alterations in specific neurotransmitters, enzymes and/or hormones. In vitro procedures may be particularly useful in assessing questions concerning structure-activity relationships. Other potential target sites for in vitro examination include axonal transport, blood-brain barrier, growth and development, astrocytic-neuron interactions, bioactivation, free radical/antioxidant systems, xenobiotic metabolic capacity, and myelination. In each case, the choice of the culture preparations and complexity of the in vitro system should be appropriate for the hypothesis following additional methods development and validation tested.
